The LANDSAT-1 multispectral scanner as a tool in the classification of inland lakes by Boland, D. H. P. & Blackwell, R. J.
It4 THE CUSSIFICATIOW Of INLAWD UKES 
b 0. H. 3. bland, Eutrephication Survey Branch, U.S. Environnental 
Protection Agency, Corvalli s, Oregon, urd Richard J. Blackwell, Jet 
P w u l  s i  on Laboratory, Pasadma, Cal i fomf a 
This study has focused on relationshins between UtUSAT-I l lu l t ispectral  scanner (mS) 
chta and the trephic status of a group o f  lakes located i n  the north-northeastern part of 
the United States. MSS data were used to predict the ugni twies o f  two trophic state 
iMicators. e s t i l u b  lake posit ion on a multivariate trophic scale, and automatically 
classify taker accordiq to the i r  trophic state. 
I n i t i a l l y ,  principal capmnt ordination was eaployed to ascertain the trophic state 
of 100 lakes using the indf caton: chlorophyll a, co~duct iv i ty ,  inverse o f  Secchi trans- 
parency, tetai pbosphorw, tota l  organic nitrogen, and productivity as measured by a stan- 
dard algal assay y ie ld  tes?. Tke m u l t a n t  PC1 values are indf cative o f  the lakes ' posi - 
tirrns on a u l i i v a r t a t e  trophic scale. 
S S  data f o r  s o a  20 lakes were extracted from wmputer-cmpatible tapes (CCT's) using 
a binary larking technique. Output was i n  the form o f  descriptive s ta t is t i cs  and photo- 
graphic roncatemtions. USS color rat ios were incorporated in to  regression models for the 
prediction o f  Secchi disc transparency, chlorophyll a, and lake position on tk trophic 
scale. Lake trophic state-MSS tolationships wre also examined using three-dintensional 
color ra t io  models. Automatic :mage processing techniques were used i n  conjunction with 
ldSS data and trophic state index valws to classify each lake pixel  -by-pixel . Classifica- 
t ion  products included both gray scale and color-coded photographic prints. 
The study results indicate that the LANDSAT-1 system, a1 though handicapped by both low 
spectral and spatial resolution as well as excessive cloud cover, can be used as a supple- 
mental data source i n  ! ~ k e  survey programs. The sensor's usefulness i s  m s t  apparent when 
the seasonal contrasts between lakes a t  di f ferent points on a trophic scale are a t  a 
maxinun. The use of CCT's along with d ig i ta l  image processing techniques i s  essential if 
aaximum benefits are to be derived from the sensor. 
INTROWCTION 
The United States i s  estimated t o  have some 80,000-100,000 lakes. Rational managemer~t 
o f  the nation's lacustrine resource necessitates, as a f i r s t  step, an assessment o f  each 
lake's trophic status. Data collection fo r  the deteaination o f  trophic state i s  a costly, 
time-consuming process, especially when thousands o f  lakes are to  be evaluated. The need 
exists to  f ind a method o f  rapidly and economically assessing the trophic condition o f  our 
1 akes . 
Sate1 1 i te-borne sensors, such as those found on the LAND SATELLITE-1 (LANDSAT-1 ) , 
merit close scrutiny as tools with the potential to col lect data relevant t o  lake moni- 
toring and survey programs. They are endowed with a synoptic view, y ie ld  a time record, 
and expand the spectral l im i ts  o f  the human eye. The successful orbi t ing o f  LANDSAT-1 
and LANDSAT-2 affords the opportunity to  investigate the capabil i t ies  o f  one type o f  
sensing system. This paper reports the progress o f  an on- oing investigation which i s  
examini ng relationships between nu1 ti spectral scanner (MSS ! data and the trophic state 
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of ?&s in  Ilinkesota, Y i s a u i n ,  Michigan, and #tw ~ o r k l  (Figure 1). kre specifically, 
the NSS was scrutinized as to i t s  capabil i ty for estimating lake area, predicting two 
ttophic state tndicators, and classifying lakes according to a ground twth-derived trophic 
scale. The project, a cooperative e f f o r t  o f  the U.S. bv i ron#nta l  Protaction Agency's 
( P A )  Pecific lbrthwest Envirornrntal Research Laboratory and the L t l o n a l  Aeronautics 
md Space Ashinistration's (NASA) Jet Propulsion Laboratory (JPL), was i n i t i a ted  i n  early 
19M. 
Eutrophication Survey personnel a t  EPA's Pacif ic Northcrest Envi r o n m ~ t a l  Research 
Labratory visual ly ertmined lakes on mS imagery received shortly af ter  spacecraft 
iaunch. 1-1 differences were noted and it was conjectured the d i f f e r e m s  might corre- 
la te  w i t h  the trophic status o f  the lakes. While tonal variations were &served fo r  lakes 
i n  many states (32.. Florida, South Dakota, Ninnesota), #SS Sane 1017-16093, recorded a t  
an a1 ti tude o f  approxisrately 917 kilometers over southeastern Yisconsin and northeastern 
I l l i n o i s  on 9 lhrgrrst 1972, w i l l  serve to i l l us t ra te  th is  point. 
Figure 2 i s  a reproduction o f  an EROS Data Center photograph o f  the scene as recorded 
i n  the near-infrared (IR2; 800 t o  1,100 nanometers) spectral band. Water M i e s ,  including 
the larger streams, stand out boldly against the lighter-toned land features. The labelled 
lakes, excluding Lake Michigan, were sampled by EPA's National Eutrophication Survey (NES) 
during the 1972 open-water season. Gray tone differences are not evident aaung the lakes, 
nor are tonal patterns v is ib le on any o f  the lakes. IR2 is,  however, a good spectral band 
fo r  the .location and demarcation of water bodies. Sane caution i s  necessary when conduct- 
fng a lake enumeration on the photograph *cause sane o f  the "lakes" are i n  realsty 
shadows cast by cunrlus clouds. 
Figure 3 i s  t.he same scene recorded i n  near-infrared (IR1; 700 to 800 nmnneters). 
Tonal differences are apparent; a t  least on the original photographic pr int ,  among the 
lakes, and patterns are evident on some o f  the lakes (g.p., Lake Koshkonong). Lakes are 
readily located and thei r  boundaries de? i m i  ted i n  th is  band. 
Figure 4 i s  a red l i g h t  (RED; 600 to  700 nanometers) MSS photograph of the scene. 
Harked gray tone differences are apparent anrong the lakes. Lakes con;;ilonly recognized as 
eutrophic (e.p., Lake C o m )  tend t o  appear 1 ight  i n  tone and meld i n  with the land features. 
Lakes with re lat ive ly  good water qual i ty are characterized by darker tones. 
The green l i g h t  (GRN; 500 t o  600 nanometers) sensed by the MSS was used to  produce 
the Figure 5 photograph. Although the lakes are d i f f i c u l t  t o  discern, a result  of low 
contrast among the scene elements, dffferences awng the lakes can be detected with the 
unaided eye. 
It i s  apparent from the visual examination o f  MSS scene 1017-16093 and additional 
scenes from several other states that the sate1 lite-borne MSS ts  collecting data which 
may be o f  value i n  the classi f icat ion and nwnitoring o f  lent ic  bodies. The examinaticn 
results suggest that GRN, RED, and I R l  contain most of the informaticn relat ing to  the 
assessment o f  trophic status. 
Lake Color 
It i s  readily apparent, even to  the casual observer, part icular ly if he or she i s  
looking downward from an ai rcraf t ,  that lakes d i f fe r  i n  color. Many investigations have 
1. The geographic scope has been exbanded to  include lakes sampled by FPA's National 
Eutrophication Survey i n  the Southeast (1973), West (1974), and Far West (1975). 
been undertaken t o  develop a comprehension of the processes which resu l t  i n  the observed 
phenomena (ref. 1). Scherz, e t  a l .  ( ref .  2) have investigated the t o ta l  ref lectance 
(surface reflectance plus volume reflectance) curves of pure water and natural waters 
under 1 aboratory conditions using a spectrophotometer . They reported tha t  the addit ion 
of dissolved oxygen, nitrogen gases, and sa l ts  (e.g., NaCl, Na2SOb) had no apparent 
effect on the re f lec t ion  curve. However, water from lakes i n  the Hadison (Wisconsin) 
area had reflectance curves that  both differed from the d i s t i l l e d  water curve and fm each 
other (Figure 6). The lake water differences can be at t r ibuted to  the presence o f  d i f -  
ferent algal organisms. F i l t r a t i o n  o f  the lake waters produced s imi lar  reflectance curves. 
The color o f  a lake i s  a function o f  the electromagnetic energy backscattered from 
the lake body t o  the sensor. Lake color ranges fm the blue of pure water through 
greenish blue, b lu ish green, pure green, yeilowish greeri, greenish yellow, yellow, yellow 
brown, and clear brown. Lake color need not be, and i s  usually not the same as, the color 
o f  lake water. Lakes which a m  blue i n  color lack appreciable qucnt i t ies o f  hunic mater- 
i a l  s and colored material i n  suspension (g.p., phytoplankton). Waters wi th high plankton 
content possess a character ist ic ye1 low-green t o  ye1 low color. 
F i  ure 7 depicts the spectral reflectance curve for chlorophyll -bearing plants (refs. 
3 s  49 57. The reflectance of the chl orophy! 1-bearing plants varies qreat ly as 11 lustrated. 
by the curve wi th  an abrupt increase a t  about 700 nanometers. Although the water tends 
t o  attenuate the infrared energy i n  a re la t i ve ly  short distance, the magnitude of the 
plant reflectance in  the near-infrared should make i t  possible t o  detect chlorophyll a t  o r  
near the water surface. However, the chlorophyll signature may be masked by other mater- 
i a1 s , f o r  example suspended sediments. 
Peri phet-a1 Effects 
The character o f  the electromagnetic energy received by the sensor, i n  t h i s  case the 
LANDSAT-1 MSS, has been shaped through interact ion wi th numet ous environmental phenomena. 
The degree o f  scattering and absorption imposed on the signal returned from water bodies 
i s  related t o  atmospheric transm:ttance and can resu l t  i n  changes i n  lake color when 
sensed a t  a i r c ra f t  and s a t e l l i t e  a1 t i  tudes (ref. 6, 7). The magnitude o f  the adverse 
atmospheric effects can be reduced, though not completely eliminated, by using MSS data 
col lected on clear days with l i t t l e  cloud cover. The use of MSS color ra t ios  i n  l i e u  
of raw data values may be o f  value i n  reducirg the magnitude of solar angle induced 
effects and atmospheric ef fects.  
Most of the electromagnetic energy entering a lake i s  attenuated through the process 
o f  absorption. Although only a small percentage o f  the incident energy i s  bdckscattered 
from the lake water volume, i t  i s  the focus o f  in terest  i n  remote sensing o f  water qual i ty.  
I t s  spectral characterist ics have been shaped by the materials found i n  the lake water 
(e.p., dissolved and suspended materials, plankton, aquatic macrophytes) . Lake bottom 
~Karac te r i s t i cs  w i l l  also a f fec t  the in tens i ty  and/or the spectrum o f  the volume ref lec- 
tance i n  sett ings where water transparency permits the ref lect ior ,  o f  a s ign i f icant  amount 
o f  energy from the bottom materials. I n  studies involving the estimation o f  water depth 
or  the mapping o f  bottonl features, i t  i s  essential that  the lako bottom be "seen" by the 
sensor. Bottom effects are capi ta l ized upon and put t o  a beneficial use. However, i n  t h i s  
investigation bottom effects are considered t o  be an undesirable peripheral effect. A 
sensor with the capabi l i t ies o f  the MSS i n  not able to  ".ice" much deeper i n t o  a lake than 
secchi disc 9ansparency depth. The Secchi transparencies o f  the NES-sampled lakes were, 
i n  most cases, re la t i ve ly  small when compared t o  the wan depth o f  each respective lake. 
The assumption was made that bottom e f fec t  was re la t i ve ly  ins ign i f icant  when considering 
each o f  the selected lakes as an en t i t y .  
Absolute quant i f icat ion of remotely sensed phenanena requires that a l l  o f  the e f fec ts  
be accounted f o r  i n  the return signal. Although the approach used here t o  reduce the 
magnitude o f  the undesirable peripheral ef fects might be c r i t i c i z e d  as simp1 i s t i c  o r  naive, 
i t  does serve as a s ta r t ing  point  i n  the investigation of lake color-trophic state re la-  
t ionshi  ps using sate1 1 i te-borne sensors. 
METHODS 
Lake Ordination Using Principal Component Analysis 
One hundred lakes sampled during the 1972 open-water season by EPA's National Eutro- 
phication Survey were selected f o r  the development o f  a mu1 t i va r i a t e  t ~ o p h i c  state index 
(ref. 8). A careful examination o f  the physical , chemical , and biological  parameters 
measured by NES helicoptor-borne scient ists resulted i n  the selection o f  s i x  trophic 
indicators for incorporation i n t o  the index , namely : chlorophyll  a, (CHLA) , conductivity 
(COND) , to ta l  phosphorus (TPHOS) , to ta l  organic nitrogen (TON), Secchi disc transparency 
(SECCHI), and product iv i ty as measured by a standardized algal assay test  (AAY). The 
inverse of Secchi disc transparency (ISEC) was employed so that  a l l  o f  the indicators 
would increase as trophic status increases. The s ix  indicators were selected because 
they are quantitat ive, considered to  be important measures o f  trophic state and sa t i s fy  
Hooper's (ref .  9) c r i t e r i a .  Annual mean values f o r  CHLA, TPHOS, ISEC, and COND were used 
i n  the analysis. AAY and TON measurements were l im i ted  t o  the f a l l  overturn sample, 
precluding the use of an annual mean. 
Principal components analysis may be used t o  reduce the dimensionality o f  a mu1 ti - 
var iate system by representing the or ig ina l  at t r ibutes as functions of a smaller number 
of uncorrelated variates which are l inear  functions o f  the at t r ibutes.  The obiective 
i s  to  sumnarize most o f  the variance i n  the system wi th  a lesser number o f  " a r t i f i c i a l  " 
variates (i.~., pr incipal  components). The data for each o f  the trophic indicators were 
transformed with natural logarithms and further standardized t o  zero mean and u n i t  
variance. Fol lowing the development o f  the normal ized eigenvectors and eigenvalues , the 
f i r s t  pr incipal  component was evaluated f o r  each o f  the 100 lakes under study. 
Extraction o f  Lake Data from Computer-Compati b le Tapes 
Transparencies and CCT's f o r  12 d i f fe ren t  dates o f  MSS coverage were processed to  
extract  pert inent lake data. Data extracted from transparencies using a microdensitometer 
contained a l o t  o f  "noi sen and the approach, a1 though i n i t i a l l y  at t ract ive,  was dropped 
i n  favor o f  using the CCT's. The processing o f  the CCT's was accomplished a t  JPL's Image 
Processing Laboratory (ref. 10, 11 ) . 
Processing comnenced with a change o f  tape format and expansion o f  the data t o  8-bits 
o f  precision giv ing 256 (0-255) d i g i t a l  number (DN) levels. Previous test ing indicated 
that  the LANDSAT-1 IR2 band gives a good indicat ion o f  surface water extent. Water-related 
in tens i ty  values fa1 1 toward the lower end o f  the DN range. A binary mask was c rea~ed  from 
the IR2 data by set t ing a l l  DN values a t  or  below a speci f ic  numerical value t o  a value o f  
1, and sett ing a l l  other values to  0. The I R Z  DN level  o f  28 was selected as the upper 
1 i m i  t f o r  water-related features. 
The binary mask was upgraded by el iminating a l l  of the lakes, ponds, streams, and any 
wetland features which may be present, leaving jus t  the lake o f  interest .  Af ter  an exami - 
naticn o f  a tes t  mu1 t ip l i ca t ion ,  ezch spat ia l ly  equivalent picture element (p ixe l )  w i th in  
each MSS band (GRN, RED, IR1, IR2) was mu1 t i p l i e d  oy the mask, thereby extract icg the 
subject lake f ran i t s  t e r r es t r i a l  matrix. Descriptive s t a t i s t i c s  were then generated 
(g.p., number of pixels, mean DN for  each band). Lake area was determined f r o m  p ixe l  
counts using the conversion factor: 1 pixel  = 0.47 hectares. 
Estimation o f  Trophic Indicators and Trophic State 
Ideally, the estimation o f  the magnitude of trophic state indicators should be done 
using concurrent data to  derive the maximum benefit. However, i n  t h i s  investigation, i t  
was necessary t o  use what may be termed "near-concurrent" ground t r u th  which was collected 
several days before o r  a f t e r  the time o f  s a t e l l i t e  over f l ight .  Nevertheless, models 
developed from such a temporal al'rangement are of some value i n  demonstrating general 
trends ex is t ing between bES data and ground truth.  
A1 though attempts were made to  estimate trophic indicators f o r  other dates o f  MSS 
coverage, f o r  purposes o f  t h i s  paper, at tent ion w i l l  focus on MSS Scenes 1017-16091 and 
1017-16093 recorded over eastern Wisconsin on 9 August 1972. These scenes were selected 
on the basis o f  temporal proximity t o  NES ground t r u th  sampling dates, the high qual i ty  
of the MSS data, and the presence o f  a re la t i ve ly  large number of NES-sampled lakes (N = 
20). 
The areal and spectral resolution o f  the LANDSAT-1 MSS should permit tbe detection 
of phenomena related t o  eutrophication; f o r  example, Secchi disc transparency and chloro- 
phyl l  a. I n i t i a l l y ,  an R-mode Pearson product-moment correlat ion analysis was made using 
MSS data, including MSS rat ios,  and the recorded Secchi disc and chlorophyll 2 values 
f o r  the 20 lakes (Table I). Several mul t ip le  regression models were developed t o  predict  
each o f  the indicators using MSS colors and color rat ios.  The use o f  color ra t ios  as 
independent variables had appeal because th is  approach normalizes the MSS data by remov- 
irlg the brightness components. 
While the estimation o f  speci f ic  trophic indicators i s  of value i n  studies o f  lake 
water . iual i ty, the question arises, "Can a lake's posi t ion on a trophic scale be predicted 
using I';S data?" With th i s  i n  mind, MSS coverage of the 20 lakes fo r  three dates (9 August 
1972, 11 June 1973, 17 July 1973) were examined for correlat ion wi th  the trophic state 
index (PC1) values o f  the lakes (Table 11). Mu1 t i p l e  regression was then used to  predict  
lake posi t ion on the scale using MSS color ra t ios  as the independent variables. 
A less r i rorous approach to  the study o f  PC1-MSS relationships was undertaken using 
three-dimensional p lo ts  o f  the MSS color ra t ios  GRNIR1, GRNRED, and REDIR1. 
Mu1 ti spectral Classi f icat ion o f  Lakes Using D ig i ta l  Processing Techniques 
Lake c lass i f ica t ion using t h ~  9 August 1972 MSS data and the trophic state index 
(PCI) values o f  the 20 NES lakes was attempted using the maximum l ike l ihood algorithm. 
The c lass i f ica t ion was conducted using the spectral bands GRN, RED, and IR1; the IR2 band 
was not u t i l i z e d  since i t  resulted i n  l i t t l e  o r  no spectral separation o f  classes. The 
number o f  spectral ciasses was set by establishing one class f o r  each d i f fe ren t  PC1 value 
among the 20 Wisconsin lakes. This resulted i n  19 d i f fe ren t  classes (Table 111). Butte 
des Korts and Nagawicka have the saRe PC1 value and were assigned t o  the same class. 
S ta t i s t i ca l  samples were obtained f o r  each lake as belonging to  a par t icu lar  class. For 
example, the computer was trained to perceive Beaver Dam Lake as belonging to  Class 19. 
Each pixel  i n  the 20 lakes was then c lass i f ied by the computer i n t o  one o f  the 19 
classes. The c lass i f ica t ion resul ts were put out i n  the form o f  descript ive s t a t i s t i c s  
and both black snd white and color-coded photographs. 
RESULTS AND DISCUSSION 
Lake Area Estimation 
The surface areas of the 20 Wisconsin lakes f o r  9 August 1972 (Scenes 1017-16091 
and 1017-16093) are generally wi th in  10% of values derived from U.S.G.S. topographic 
sheets. Adding the 20 lake map-derived area estimates and then comparing the resultant 
value with the composite value derived from MSS data resulted i n  a r a t i o  of 1.016:1.000. 
A visual examination o f  area r a t i o  f o r  lakes i n  other MSS scenes indicated that  the MSS 
can give adequate estimates of lake surface area when a DN value o f  28 i s  used as the 
"cutof f"  point  f o r  extracting lakes from the i r  t e r r es t r i a l  matrix. The area estimation 
capabi l i t ies o f  the MSS are o f  value, not only i n  the study o f  lakes wi th  known area 
but also i n  geographic regions for which there i s  no accurate topographic or  photographic 
coverage. 
Trophic Indicators and Trophic State 
Ef for ts  t o  use 9 August 1972 MSS color ra t ios  for the predict ion of mean Secchi 
disc transparency resulted i n  a mu1 t i p l e  regression model which explains about 87 percent 
of the variance about the mean (ref. 1). A1 though the number o f  observations (N = 20) 
i s  rather small, the resul ts suggest tha t  the MSS scanner can be used t o  predict  Secchi 
transparency. 
The attempt t o  predict  mean chlorophyll levels i n  the same lakes resulted i n  a 
model which explains about 83 percent o f  the variance about the mean. The model does 
a f a i r  job o f  estimating mean chlorophyll levels i n  the 20 lakes. Large residuals 
are evident. pr imari ly i n  the cases o f  lakes which have very poor water qual i ty.  
Regression models were also developed t o  predict  the trophic state o f  the 20 Wisconsin 
lakes f o r  three dates o f  MSS coverage (9 August 1972, 11 June 1973, 17 July 1973). The 
coefficients o f  mul t ip le  determination (RZ x 100) are respectively 81 percent, 70 percent, 
and 81 percent. Ef for ts  to  develop a single model which could be used t o  estimate trophic 
state f o r  each o f  the MSS sampling dates drew negative results. Indeed, the use o f  
regression techniques for the 12 d i f fe ren t  dates o f  MSS coverage resulted i n  12 d i f ferent  
models for the predict ion o f  trophic state. Models constructed using MSS data col lected 
ear ly i n  the open-water season were generally inadequate. 
A less sophisticated but pract ical  approach to  evaluating relationships between MSS 
data and trophic state involves the visual examination of MSS data i n  l i g h t  o f  a general 
knowledge o f  the lakes as well as t he i r  trophic state index values (PCl). Although t h i s  
could be done through the use o f  matrices, the use o f  a three-dimensional color r a t i o  
model was favored because i t  i s  very conducive t o  pattern detection and interpretat ion.  
The color r a t i o  model for 9 August 1972 i s  found i n  Figure 8. The numerals inside 
a "ball  " are the lake's ser ia l  number and those near the lake's name represent i t s  PC1 
value. There i s  a very de f in i te  trend f o r  the color ra t ios  to  increase as one moves from 
lakes considered to  be located near the eutrophic end of the scale (g.p., Beaver Dam) 
toward those situated more closely toward tne ol igotrophic end (g.3., Green)2. I t  
2. The mean IR1 DN level  fo r  several hypereutrophic lakes located i n  Minnesota actually 
exceeded t he i r  mean RED DN levels, e f fec t i ve ly  i so la t ing  them from other NES-sampled 
lakes i n  the color r a t i o  model (Figure 9 ) .  
i s  unreal i s t i c  t o  expect complete agreement between the posi t ion o f  the lakes i n  the 
color r a t i o  model and t he i r  respective PC1 values. However, assuming that  the PC1 
value o f  Middle Lake i s  representative o f  i t s  t rophic state, i t  i s  "out o f  place" 
re la t i ve  t o  the other lakes. I t s  color r a t i o  coordinates are ind icat ive o f  a lake 
situated more closely toward the eutrophic end o f  the trophic scale. Several factors 
may be responsible f o r  t h i s  apparent misclassif ication. The sensor m y  very well  be 
"seeing" large masses o f  aquatic macrophytes and/or the lake bottom. Middle Lake i s  
known t o  have macrophyte problems and extensive shallows. 
The 11 June 1973 model a t  the same 20 lakes i s  shown i n  Figure 10 along with three 
other lakes. Many o f  the lakes have sh i f ted t h e i r  posi t ion s igni f icant ly.  The color 
rat io- t rophic state index relationships so evident i n  the 9 August 1972 model are not 
as obvious. 
Figure 11 depicts the Wisconsin lakes i n  a model constructed fm 17 July 1973 
color rat ios.  Although not ident ica l  i n  a l l  respects, the model bears a marked resem- 
blance t o  the 9 August 1972 model . 
An examination o f  both the three-dimensional color I-citio models and t he i r  associated 
regression models f o r  the 12 dates o f  coverage suggested tha t  the u t i l i t y  of the MSS for 
the estimation o f  trophic state i s  dependent t o  a substantial degree upon the time o f  the 
year. MSS data recorded ear ly i n  the open-water season correlate poorly wi th lake PC1 
values; the correlations are bet ter  i n  the case o f  MSS data recorded l a t e r  i n  the growing 
season. 
Mu1 t ispect ra l  -Trophic Classi f icat ion 
Many o f  the data processing systems which automatically c lass i f y  LANDSAT-1 MSS-sensed 
phenomena can output the reduced data i n  the form o f  both descript ive s t z t i s t i c s  and some 
sor t  o f  imagery. I f  the classi f icatory s t a t i s t i c s  would indicate that  each lake i s  homo- 
genous, the analysis could stop a t  t h i s  point. However, i t  i s  un l ike ly  t o  f i nd  a lake 
that  has the same trophic characterist ics throughout i t s  areal extent. The question 
arises, "What trophic-re1 ated patterns ex is t  i n  each lake?" This necessitates the develop- 
ment o f  some sor t  o f  imagery. 
Images o f  the machine-classified lakes can be produced i n  the form o f  1 ine p r in te r  
copy using d i f fe ren t  symbols t o  represent the various trophic classes and also as photo- 
graphic products. The photographic approach i s  a t t rac t i ve  because they are compact, 
easi ly handled, have much greater resolut ion than l i n e  p r in te r  copy o f  equal size, and 
are readi ly interpretable, pa r t i cu la r l y  when i n  color. 
The mu1 t ispect ra l  c lass i f i ca t ion  resul ts f o r  the 20 Wisconsin lakes (9 August 1972) 
are displayed as a color-coded concatenation (Figure 12). Class 1 pixels, represented by 
black, are located toward the eutrophic end o f  the trophic scale and Class 19 pixels (dark 
blue) toward the 01 igotrophic end. It would be incorrect  t o  c a l l  a Class 19 pixel  or  lake 
ol igotrophic because none o f  the Wisconsin lakes meet the c r i t e r i a  normally a t t r ibuted to  
ol igotrophic lakes. The pronounced l inear  features i n  Figure 12 are an a r t i f a c t  introduced 
by a defect i n  the MSS. 
Differences among and wi th in  the lakes are readi ly apparent. Some o f  the lakes (g.g., 
Kegonsa and Beaver Dam) present a re la t i ve ly  homogenous appearance. Others (g.g., Wicne- 
bag0 and Poygan) exh ib i t  a d ive rs i t y  o f  trophic classes. Some o f  the lakes have features 
which bear mentioni ng . 
The appendix-like structure which appears attached to  the northeast quadrant o f  
Deiavan Lake i s  the entry point  o f  Jackson Creek, the lake's major t r ibutary .  I t s  waters, 
known t o  be nu t r i en t  r i c h  through contr ibut ions from sewage treatment p lants and 
ag r i cu l t u ra l  drainage, have been placed i n  Class 1 . 
I n  t h i s  study, Lake Tichigan has been defined t o  include the lake proper and 
what i s  comnonly referred t o  as the "widening" .in the Fox River. The lake proper 
has been assigned t o  Class 5 and the "widening" t o  several classes inc luding 1, 2, 
and 4. Ground t r u t h  measurements ind ica te  t h a t  the "widening" has a smaller Secchi 
d isc transparency and a substant ia l  1y higher chlorophyl l  g l eve l  than the lake proper. 
The Class 1 water found along the northern shore o f  Lake Pewaukee may be re la ted  
t o  the presence o f  algae and macrophytes. The nel icopter-borne survey teams reported 
a lga l  scum covering the surface o f  the northern por t ion  o f  the lake. Heavy growths o f  
emergents covered the lake shallows. 
The appendix-1 i k e  por t ion  of Green Lake, located a t  i t s  northeast end, i s  the area 
i n t o  which S i l v e r  Creek flows. The area receives a substant ia l  nu t r i en t  load from a 
sewage treatment p lan t  and the surrounding ag r i cu l t u ra l  lands. i t s  p i xe l s  have been 
c lass i f i ed  as belonging t o  Class 1 and Class 2. 
White areas w i t h i n  the lake images are i nd i ca t i ve  of e i t h e r  clouds o r  land-re lated 
phenomena. The white area i n  the  northeastern por t ion  o f  Lake Winnebago represents cloud 
cover. The north-south or iented l i n e a r  feature located i n  the eastern end of Lake Butte 
des k r t s  i s  a roadway. 
Complete accord does not e x i s t  between the t roph ic  index values of the 20 lakes and 
the resu l t s  o f  the mul t ispectra l  c l ass i f i ca t i on .  The d i s p a r i t y  i s  very evident i n  the 
cases o f  Lakes Nagawicka, Koshkonong, and ~conomowoc where few, i f  any, p ixe ls  were found 
tha t  f e l l  i n t o  the class f o r  which the lake  served as a t r a i n i n g  area. This i s  not 
surpr is ing  because there was an i nd i ca t i on  i n  the three-dimensional co lo r  r a t i o  model 
and the PC1 regression model f o r  9 August 1972 tha t  a d i s p a r i t y  ex is ted between some of 
the lake PC1 values and t h e i r  MSS data. 
An examination o f  the 9 August 1973 MSS descr ip t ive  s t a t i s t i c s  f o r  the 20 lakes 
indicated t h a t  the use o f  fewer t roph ic  classes would y i e l d  a c l a s s i f i c a t i o n  product 
more i n  tune w i th  r e a l i t y .  The computer was re t ra ined as indicated i n  Table I11  and 
the lakes were then rec lass i f ied .  The revised c lass i f i ca t ion ,  consist ing o f  11 classes 
(Figure 13), may be more representat ive of lacus t r ine  t roph ic  s ta te  than the 19-class 
scheme. 
CONCLUSIONS 
The LANDSAT-1 mu1 ti spectra l  scanner i s  c o l l  e c t i  ng data which can be incorporated 
i n t o  lake monitor ing and survey programs. The i n te r im  resu l ts  reported here suggest 
t ha t  MSS co lor  r a t i o s  can be used t o  pred ic t  the magnitude o f  selected t roph ic  s ta te  
ind ica tors  and a mu l t i va r i a te  t roph ic  s ta te  index. However, the accuracy o f  the pre- 
d ic t ions  varies considerably from date t o  date. The development of a t roph ic  s ta te  
c l a s s i f i c a t i o n  employing computer-generated color-coded photographs should a i d  i nvest i  - 
gators i n  c lass i f y i ng  la rge numbers o f  lakes both rap id l y  and economically. The use 3f 
CCT's along w i th  d i g i t a l  image processing techniques i s  essential  i f  maximum benef i ts  
are t o  be derived from the sensor. 
It appears t h a t  the LANDSAT-1 MSS has the capab i l i t y  o f  provid ing supplemental 
data r e l a t i n g  t o  water qua l i t y  i n  in land lakes. Further refinement both i n  the sensor 
and the data processing techniques should make mul t i spec t ra l  imagery co l lec ted  from 
space platforms a valued too l  i n  lake survey and monitor ing a c t i v i t i e s .  
This paper represents the resu l t s  o f  one phase o f  the research ca r r i ed  out a t  the 
Pac i f i c  Northwest Environmental Research Laboratory, U .S. Environmental Protect ion Agency, 
under 3PL Contract EZ-608770 and a t  the J e t  Propulsion Laboratory, Cal i forn ia I n s t i t u t e  
of Technology, under NASA contract  number NAS7-100. 
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TABLE I CORRELATIONS BETWEEN GROUND TRUTH AND LANDSAT-I MSS 
DATA (COLORS AND COLOR RATIOS) FOR 20 LAKES IN SCENES 
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TABLE I 1  CORRELATIONS BETWEEN LANDSAT-1 MSS DATA (COLORS AND 
COLOR RATIOS) COLLECTED ON THREE DATES AHD THE TROPHIC 
STATUS OF 20 WISCONSIN LAKES 
MSS COLORS 
AND RATIOS 
GRN 
RED 
I R1 
I R2 
GRNRED 
GRN I R l  
GRNI R2 
REDIRl  
REDIR2 
IR1 IR2 
i 
PC1 
0.518 
0.722 
0.807 
0.589 
-0.823 
-0.806 
-0.470 
-0.544 
-0.026 
0.516 
. 
MSS 'OLoRS 
AND RATIOS 
GRN 
RED 
I R1 
I R2 
GRNRED 
GRNIRl  
GRN I R2 
REDIR l  
REDIR2 
IR1 IR2 
LNCHLA 
0.718 
0.860 
0.886 
0.696 
-0.886 
-0.838 
-0.521 
-0.505 
-0 .017 
0.474 
CHLA 
0.812 
0.888 
0.899 
0.680 
-0.821 
-0.777 
-0.422 
-0.476 
0.028 
0.522 
DATE OF LANDSAT-1 FLYOVER 
SECCHI 
-0.623 
-0.788 
-0.741 
-0.492 
0.865 
0.685 
0.357 
0.274 
-0.136 
-0.527 
9 AUGUST 1972 
0.518 
0.722 
0.807 
0.589 
-0.823 
-0.806 
-0.470 
-0.544 
-0.026 
0.516 
LNSECCHI 
-0.662 
-0.857 
-0.866 
-0.542 
0.919 
0.803 
0.476 
0.430 
-0.042 
-0.507 
11 JUNE 1973 
0.151 
0.533 
0.51 2 
0.174 
-0.712 
-0.540 
-0.091 
0.084 
0.298 
0.445 
17 July 1973 
0.479 
0.721 
0.836 
0.628 
-0,749 
-0.820 
-0.485 
-0.422 
0.109 
0.479 
TABLE I 1 1  LAKE TROPHIC STATE INDEX CLASS ASSIGNME'NTS FOR 
THE MULTISPECTRAL CLASS I F I  CATION TECHNIQUE 
LAKE NAME 
Beaver Dam 
T i  :hi gan 
Kos h konong 
W i  nnebago 
Delavan 
Poygan 
Kegonsa 
Butte des Morts 
Nagawi cka 
Corn 
Pewa~kee 
Okauchee 
Pine 
Browns 
Rock 
Lac l a  Be l l e  
Green 
Geneva 
Oconomowoc 
M i  dCl e 
SERIAL 
NUMBER 
5 3 
63 
56 
49 
66 
4 7 
54 
48 
61 
6 7 
62 
59 
60 
64 
5 5 
5 7 
5 1 
68 
58 
65 
VALUE 
3.29 
3.1 1 
2.45 
2.36 
2.03 
1.68 
1.48 
1.27 
1.27 
1.15 
0.59 
-0.62 
-0.71 
-1.07 
-1.21 
-1.43 
-1 -57 
-1.71 
-1.82 
-2.29 
COMPUTER TRAINED 
TO RECOGNIZE AS 
CLASS : 
1 
2 
3 
4 
5 
6 
7 
8 
8 
3 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
COMPUTER RETRAINED 
TO RECOGNIZE AS 
CLASS : 
1 
2 
5 
3 
4 
5 
5 
2 
9 
5 
6 
7 
8 
6 
10 
9 
10 
11 
10 
8 













